The fibroblast growth factor (FGF) family comprises at least 23 members, which function through four-transmembrane tyrosine kinase receptors (FGFR1, FGFR2, FGFR3 and FGFR4) on the surface of target cells ([@bib46]). Among the FGF family members, fibroblast growth factor-2 (FGF-2) is well characterised, bearing all typical features of the FGF family, and is regarded as a prototypic growth factor ([@bib12]). Fibroblast growth factor-2 is an important proangiogenic growth factor that stimulates the growth, survival and migration of endothelial cells, and promotes the development and tumour angiogenesis of multiple cancer types, including kidney and lung cancers ([@bib4]; [@bib9]). It has been shown that FGF-2 is overexpressed in multiple cancer types, including melanoma, prostate cancer, renal cell cancer and lung cancer ([@bib46]; [@bib27]; [@bib50]). Fibroblast growth factor-2 expression levels were significantly higher in renal and lung cancer patients and were correlated to tumour progression and poor prognosis ([@bib43]; [@bib20]; [@bib25]; [@bib18]). Additionally, among the multiple mechanisms of tumour resistance to anti-VEGF(R) therapies, the presence of activated alternative growth factors, such as FGF-2, in naive tumour or compensatory increase of these factors during the course of therapy might cause intrinsic or acquired resistance to anti-VEGF(R) therapies, respectively ([@bib3]; [@bib36]; [@bib39]; [@bib47]). Indeed, FGF-2 has been reported to promote tumour angiogenesis independently of vascular endothelial growth factor (VEGF) ([@bib6]) and mediate tumour resistance to anti-VEGF therapy ([@bib50]). Experimental evidence has shown that tumour growth can be restimulated by the compensatory upregulation of FGF-2 in late-stage pancreatic islet carcinoma undergoing anti-VEGFR2 treatment, which could be significantly diminished by adding an adenovirus-delivered soluble FGFR2 ([@bib7]). Moreover, a recent study demonstrated that FGF-2 was responsible for the acquired resistance of head and neck squamous cell carcinoma to bevacizumab, an anti-VEGF monoclonal antibody. Treatment with an FGFR inhibitor, which blocks FGF-2 signalling resulted in a significant decrease in bevacizumab-resistant tumour growth ([@bib14]). In a bevacizumab-resistant lung cancer xenograft model, the levels of circulating FGF-2 were significantly elevated in the plasma of mice ([@bib8]). Clinically, plasma levels of FGF-2 have also been found to increase significantly in parallel with tumour progression in recurrent glioblastoma patients and in metastatic colorectal cancer patients, as well as in renal cell carcinoma patients treated with anti-VEGF(R) agents ([@bib2]; [@bib9]; [@bib24]; [@bib33]; [@bib40]). These findings highlight the role of FGF-2 in tumour progression and in mediating resistance to anti-VEGF(R) therapies.

Currently, targeting FGF-2 signalling is an important strategy for anticancer drug development with various modules already under development, and with numerous anti-FGF-2 signalling agents in both preclinical and clinical trials. These include a variety of small-molecule receptor tyrosine kinase inhibitors, such as dovitinib ([@bib1]) and nintedanib ([@bib17]), as well as protein antiangiogenic agents, such as monoclonal antibodies ([@bib45]; [@bib49]) and chimeric soluble decoy receptor fusion proteins ([@bib11]; [@bib16]). Given the side effects of small-molecular compounds and the potential immunogenic responses of murine antibodies, soluble decoy receptor fusion proteins might offer the most effective approach for blocking specific signalling pathways. So far, the best-studied protein antiangiogenic agent targeting the FGF pathway is FP-1039, a soluble decoy receptor fusion protein composed of the full-length FGFR1 extracellular region and the human IgG1 Fc fragment ([@bib16]), which is currently in a phase II clinical trial ([@bib5]).

The binding affinity of a receptor extracellular domain to its specific ligand is critical when developing soluble decoy receptor fusion proteins. The extracellular region of FGFRs consists of three immunoglobulin-like domains (D1--D3) and a serine-rich region (termed the acid box), which is present in the D1--D2 linker. Alternative splicing of FGFR1--3 D3 yields two major isoforms, designated IIIb and IIIc. Fibroblast growth factor-2 binds with high affinity to the IIIc variant as determined by mitogenic stimulation, especially FGFR1 IIIc ([@bib34]). FP-1039 has been proven to be effective in treating multiple types of cancer in preclinical studies ([@bib16]). However, several studies have shown that both the D1 and the D1--D2 linker of FGFRs has an autoinhibitory role in ligand-receptor binding owing to the flexible nature of the D1--D2 linker region, which enables D1 to interact with the D2--D3 fragment of FGFR and affect the interaction with FGF and heparin ([@bib48]; [@bib30]). These findings indicate that FP-1039 is not in the optimal composition to inhibit potently FGF-2. Moreover, the extracellular region of FGFR1 that is responsible for the highest binding affinity to FGF-2 has not yet been identified.

Taking into account the autoinhibition mechanism of FGFRs, we developed a series of soluble decoy receptor fusion proteins in the present study by fusing various truncated extracellular region of FGFR1 IIIc with the human IgG1 Fc fragment. One variant decoy receptor fusion protein, which we designated FGF-Trap, showed the highest affinity for FGF-2. Importantly, FGF-Trap potently inhibited the FGF signalling pathway and effectively suppressed FGF-2-induced cell proliferation and migration of human umbilical vein endothelial cells (HUVECs) *in vitro*, and significantly reduced the angiogenesis and tumour growth in two xenograft models *in vivo*.

Materials and methods
=====================

Cell lines and animals
----------------------

Cells were maintained in a humidified incubator at 37 °C with 5% CO~2~. Chinese hamster ovary (CHO) DG44 cells with dihydrofolate reductase (dhfr) deficiency were obtained from Life Technologies (Gaithersburg, MD, USA) and maintained in IMDM medium supplemented with 10% FBS and 1% hypoxanthine-thymidine (HT) (all from Life Technologies). Human umbilical vein endothelial cells were purchased from AllCells (Emeryville, CA, USA) and cultured in complete HUVEC medium (AllCells) containing 10% FBS and 10% growth factor supplement (AllCells). Caki-1 and A549 tumour cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and propagated in DMEM medium (Life Technologies) supplemented with 10% FBS. All cells were characterised for DNA profiling, isoenzyme activity, vitality and mycoplasma contamination by the supplier, and were passaged for fewer than 6 months after receipt.

Female BALB/c nude mice (6--8 weeks old) were purchased from Shanghai SLRC Laboratory Animal (Shanghai, China) and housed under specific pathogen-free conditions with free access to food and water in the animal facility of Tongji University. The protocols were approved by the Animal Care and Use committee of Tongji University. All animal studies were carried out in accordance with institutional guidelines ([@bib51]).

Construction of recombinant expression vectors
----------------------------------------------

The gene sequences encoding the full-length extracellular region or truncated extracellular region of human FGFR1 were amplified by polymerase chain reaction (PCR) using commercial PCR Ready First Strand cDNA (BioChain, Hayward, CA, USA) as the template, fused with the Fc region of human IgG1, and then subcloned into a expression vector at the downstream of a CMV promoter. This plasmid also contains an open reading frame for DHFR driven by an SV40 promoter. All fusion proteins were preceded with a VEGFR1 signal peptide for secretion. Recombinant proteins were designated as FGF-Trap-1 to -10 according to the length of the extracellular region of FGFR1. Fibroblast growth factor-Trap-11 was constructed by removing the heparin binding site (HBS) on the basis of FGF-Trap-6.

Expression and purification of decoy receptor fusion proteins
-------------------------------------------------------------

Transfection of plasmid DNA was performed with the FuGENE HD transfection reagent (3 : 1 reagent to DNA ratio; Roche, Basel, Switzerland) in ∼80% confluent CHO cells. Conditioned media were collected 48 h after transfection. The concentration of transiently expressed proteins was quantified by using a human IgG ELISA Quantitation Kit (Bethyl Laboratories, Montgomery, TX, USA), after which the protein samples were stored at −20 °C for later binding analysis. Stable transfected cells were selected in medium without HT, followed by isolation of single-cell clones by limiting dilution. Gene amplification was induced by gradient addition of methotrexate (from 10 to 500 n[M]{.smallcaps}; Sigma-Aldrich, St Louis, MO, USA). The decoy receptor fusion protein secreted into the medium was purified by Protein A affinity chromatography and anion exchange chromatography (GE Healthcare, Piscataway, NJ, USA) according to the manufacturer\'s instructions. The quality of FGF-Trap was determined by SDS--PAGE and the protein concentration was determined using the Lowry assay. The protein was reconstituted in sterile PBS and stored at −80 °C until use.

FGF-Trap-binding activity assay
-------------------------------

Fibroblast growth factor-2-binding activity was assayed using ELISA. Briefly, 100 ng ml^−1^ of transiently expressed FGF-Traps were incubated with 50 ng ml^−1^ FGF-2 (R&D Systems, Minneapolis, MN, USA) in the presence or absence of 100 ng ml^−1^ heparin (Sigma-Aldrich) on immobilised plates for 1 h at room temperature. Plates were washed, incubated with an HRP-conjugated goat anti-human IgG-Fc antibody (Bethyl Laboratories), washed again and treated with HRP substrate. Colour development was read at 450 nm using a spectrophotometer.

FGF-Trap-binding affinity assay
-------------------------------

Binding affinity of the optimal FGF-Trap (i.e., FGF-Trap-6) for FGF-2 was determined using the Quantikine Human FGF-2 Immunoassay Kit (R&D Systems). Plates were precoated with a capture monoclonal antibody specific for FGF-2. Fibroblast growth factor-2 (20 p[M]{.smallcaps}) was mixed with an equal volume of FGF-Trap (ranging in concentration from 2 × 10^−5^ to 2 × 10^3^ p[M]{.smallcaps}) overnight at room temperature. To determine quantitatively the amount of unbound FGF-2 in the mixtures, standards and samples were added into the precoated plates and incubated at 37 °C for 2 h. Plates were washed, incubated with biotin-conjugated detection antibody and detected using streptavidin--HRP conjugate and peroxidase substrate. The colour changes were measured spectrophotometrically at 450 nm. The FGF-2 concentration in each sample was interpolated from a standard curve.

Cell proliferation and migration assays
---------------------------------------

For the HUVEC proliferation assay, HUVECs (3 × 10^3^ cells per well) were plated on 96-well plates and cultured overnight at 37 °C. The next day, purified FGF-Trap (from 0.128 to 10 000 ng ml^−1^) mixed with 5 ng ml^−1^ FGF-2 in HUVEC basic medium (AllCells) containing 1% FBS (HBM) was added to the cells. For tumour cell proliferation assay, Caki-1 and A549 cells (2 × 10^3^ cells per well) were plated on 96-well plates and cultured overnight. The next day, purified FGF-Trap (from 0.64 to 50 000 ng ml^−1^) diluted by 1% FBS medium was added to the cells. After incubation at 37 °C for 3--4 days, 10% (vol vol^−1^) Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) reagent was added into each well and incubated for an additional 4 h. The plate was read in a spectrophotometer at 450 nm.

For the HUVEC migration assay, HUVECs (5 × 10^4^ cells per well) were seeded in the upper chambers of transwell polycarbonate filters (Corning Costar, Cambridge, MA, USA) with 8 *μ*m pores in the presence of FGF-Trap at various concentrations (0, 5, 50 and 500 ng ml^−1^) in HBM. The filters were placed in the wells containing 10 ng ml^−1^ FGF-2 in HBM. After incubation for 16--24 h at 37 °C, the filters were removed and the cells on the upper surface were scraped with a cotton swab. The cells on the lower surface of the filter membrane were fixed in 100% methanol and stained with crystal violet (Sigma-Aldrich). The cells were counted in five random fields for each membrane using an Eclipse Ti inverted microscope (Nikon, Kanagawa, Japan) at × 200 magnification.

Western blot and quantitative real-time PCR
-------------------------------------------

For the signalling assay, HUVECs (10^5^ cells per well) were seeded in 12-well plates in HBM overnight, and then treated with 10 ng ml^−1^ FGF-2 and/or 5 *μ*g ml^−1^ FGF-Trap for 10 min. The cells were subsequently lysed on ice in RIPA buffer, after which total proteins were extracted for western blotting with the following specific antibodies: anti-p-Erk1/2, anti-Erk1/2, anti-p-Akt or anti-Akt (Cell Signaling Technology, Beverly, MA, USA). Similarly, 3 days after treatment with 20 ng ml^−1^ FGF-2 and/or 10 *μ*g ml^−1^ FGF-Trap, cells were lysed for immunoblotting of cyclin D1, cyclin-E (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and GAPDH (Cell Signaling Technology) as a loading control. Densitometric analysis of western blots was performed with Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA). Total RNA of HUVECs was extracted after treatment with FGF-2 and/or FGF-Trap for 3 days and reverse-transcribed to cDNA for quantitative real-time PCR (qPCR) as described previously ([@bib26]) using the published primers for VEGFR1, VEGFR2 and *β*-actin ([@bib10]).

Pharmacokinetic analysis
------------------------

Blood samples of female BALB/c nude mice were collected at 1, 2, 8, 24, 48, 72, 120, 168, 288, 360 and 504 h after a single intraperitoneal injection of 100 *μ*g FGF-Trap (*n*=10, five mice per time point). The concentration of serum FGF-Trap was measured by using the human IgG ELISA Quantitation Kit (Bethyl Laboratories).

Tumour xenograft models
-----------------------

Caki-1 cells (2 × 10^6^ cells per mouse) and A549 cells (5 × 10^6^ cells per mouse) were suspended in serum-free DMEM medium and subcutaneously injected into the right flanks of female BALB/c nude mice. Tumour size was monitored two times a week with a calipre and tumour volume was calculated by the following formula: tumour volume (mm^3^)=length × width × width/2. When tumour size reached around 50 mm^3^, animals were randomised into four groups, which received an intraperitoneal injection of FGF-Trap at a dose of 25, 2.5 and 0.25 mg kg^−1^ or PBS vehicle two times weekly for 5 to 7 weeks (*n*=7--8 per group).

Histology and immunofluorescence analysis
-----------------------------------------

Three days after the last dose, mice were killed and the tumour tissues were excised and fixed in 4% paraformaldehyde overnight. Following paraffin embedding, tissues were sectioned at 8 *μ*m thinkness and stained using a Haematoxylin and Eosin Staining Kit (Beyotime Institute of Biotechnology, Jiangsu, China) for microscopic observation at × 200 magnification. For immunofluorecsence staining, sections were dewaxed and antigen retrieved with citrate buffer (pH 6.0) at 95 °C for 20 min. Subsequently, sections were blocked with 5% BSA at 37 °C for 10 min and incubated with goat anti-mouse CD34 antibody (Boster, Wuhan, China) at 4 °C overnight. Following washes in PBS, Cy3-conjugated rabbit anti-goat IgG secondary antibody (Boster) was applied at 37 °C for 1 h. Nuclei were stained with 4′-6-diamidino-2-phenylindole (DAPI) at 37 °C for 5 min, after which the sections were mounted using antifade fluorescent mounting medium (Boster). Fluorescence was evaluated using a Leica TCS SP5 II confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany). The number of tumour nuclei per high-power field and the percentage of CD34^+^ areas per field were quantified as described previously ([@bib28]; [@bib52]) using Image-Pro Plus 6.0 software (Media Cybernetics).

Statistical analyses
--------------------

Graphs were constructed using GraphPad Prism (Graphpad Software, San Diego, CA, USA). All data are presented as mean±s.e.m. Statistical significance was determined by unpaired two-tailed *t*-tests or two-way ANOVAs. *P*\<0.05 was considered statistically significant.

Results
=======

Deletion of the N-terminal 144-amino-acid residues results in the highest binding affinity of decoy receptor fusion protein to FGF-2
------------------------------------------------------------------------------------------------------------------------------------

To investigate the influence of the D1 and D1--D2 linker of FGFR1 on the binding activity for FGF-2, we transiently expressed a series of recombinant FGF-Traps containing full-length extracellular regions or truncated extracellular regions of FGFR1c (GenBank accession no. NM_015850). The amino-acid sequences of FGFR1 portions included in FGF-Traps (from FGF-Trap-1 to FGF-Trap-10) were amino acids (aa) 22--374, 77--374, 102--374, 134--374, 142--374, 145--374, 146--374, 148-374, 151--374 and 156--374, respectively. Fibroblast growth factor-Trap-11 was created by removing the HBS (aa 158--175) on the basis of FGF-Trap-6. The schematic representation of the structure of various FGF-Traps is shown in [Figure 1A](#fig1){ref-type="fig"}.

To test the binding affinity of FGF-Traps for FGF-2, FGF-Traps were incubated with FGF-2 in the presence or absence of heparin, followed by the addition of HRP-conjugated goat anti-human IgG-Fc antibody and HRP substrate. The formation of FGF-Trap/FGF-2 complex was measured by the colour development catalysed by HRP. The results showed that heparin significantly increased the binding of FGF-Traps to FGF-2. Interestingly, we found that gradual deletion of the N-terminus amino-acid residues 22--to 144 (FGF-Trap-1 to FGF-Trap-6) increased the binding activity of FGF-Traps ([Figure 1B](#fig1){ref-type="fig"}). However, further deletion of N-terminus amino-acid residues on the basis of FGF-Trap-6 decreased the binding activity of FGF-Traps ([Figure 1B](#fig1){ref-type="fig"}). In particular, FGF-Trap-10, which was 11-amino-acid residues less than FGF-Trap-6, almost completely lost its binding activity ([Figure 1B](#fig1){ref-type="fig"}). To investigate the role of the HBS, the HBS sequence was deleted from FGF-Trap-6 to yield FGF-Trap-11. We found that FGF-Trap-11 could not bind FGF-2 ([Figure 1B](#fig1){ref-type="fig"}). These data demonstrate that HBS is essential for the formation of an FGF-2:FGF-Trap:heparin ternary complex and that deletion of the N-terminal 144-amino-acid residues results in the highest binding affinity of FGF-Trap for FGF-2. Given these findings, we chose FGF-Trap-6 as the optimal decoy receptor fusion protein for FGF-2, hereafter referred to as FGF-Trap ([Figure 2A](#fig2){ref-type="fig"}).

Characterisation of FGF-Trap
----------------------------

Fibroblast growth factor-Trap was highly purified from conditioned media of stably transfected cells by combined purification procedures. The structure of FGF-Trap is shown in [Figure 2A](#fig2){ref-type="fig"}. The purity and the molecular weight of FGF-Trap were determined by non-reducing ([Figure 2B](#fig2){ref-type="fig"}) and reducing SDS--PAGE ([Figure 2C](#fig2){ref-type="fig"}), respectively. We detected only a single band in each lane of each gel, with purity \> 98%. As FGF-Trap has eight potential N-glycosylation sites based on the Asn-X-Thr/Ser consensus sequence, this resulted in an increased molecular weight in comparison with the theoretical value of 102.4 kDa. Results of the binding affinity assay showed that FGF-Trap displayed a *K*~d~ of approximately 1.4 × 10^−3^ p[M]{.smallcaps} ([Figure 2D](#fig2){ref-type="fig"}). To examine the pharmacokinetic properties of FGF-Trap, FGF-Trap was intraperitoneally injected into BALB/c nude mice. Serum FGF-Trap concentration was measured at the indicated time points. The results showed that FGF-Trap had high pharmacokinetic properties, with a maximal concentration (*C*~max~) of 97.7 *μ*g ml^−1^ and total area under the curve concentration of 621 *μ*g × days per ml ([Figure 2E](#fig2){ref-type="fig"}).

FGF-Trap inhibits the proliferation and migration of HUVECs, and the proliferation of tumour cells
--------------------------------------------------------------------------------------------------

To determine the activity of FGF-Trap in inhibiting FGF-2-induced cell proliferation, we treated HUVECs with serially diluted FGF-Trap in the presence of FGF-2 and measured cell proliferation by CCK-8 with HUVECs without treatment as a negative control. Fibroblast growth factor-Trap significantly suppressed FGF-2-induced cell proliferation in a concentration-dependent manner with an IC~50~ of 0.066 *μ*g ml^−1^ ([Figure 3A](#fig3){ref-type="fig"}). We additionally measured the activity of FGF-Trap in blocking FGF-2-induced HUVEC cell migration by using a transwell chamber migration assay system. We found that FGF-2 stimulated the migration of HUVECs ([Figures 3B and C](#fig3){ref-type="fig"}), which was significantly attenuated by treatment with FGF-Trap at concentrations of 5, 50 and 500 ng ml^−1^, respectively, yielding an inhibition rate of 12.9%, 22.2% and 77.8%, respectively. This demonstrated that FGF-Trap efficiently blocks FGF-2 signalling in the promotion of cell proliferation and migration.

We also assessed the direct effect of FGF-Trap on the proliferation of Caki-1 and A549 tumour cells. Fibroblast growth factor-Trap moderately inhibited the proliferation of these two tumour cells, with approximately 30% inhibition rate at 50 *μ*g ml^−1^ FGF-Trap ([Figure 3D](#fig3){ref-type="fig"}). These results support the previous studies, which demonstrated that FGF signalling is important for the growth of some cancer cell lines and FGF-2 inhibitors have antitumour activity *in vitro* ([@bib45]; [@bib41]; [@bib49]).

FGF-Trap suppresses FGF-2-mediated phosphorylation of Erk1/2 and Akt, upregulation of cyclins D1 and E and increase of the mRNA levels of VEGFR1 and VEGFR2
-----------------------------------------------------------------------------------------------------------------------------------------------------------

To explore whether FGF-Trap suppresses FGF-2-mediated signalling pathways, we used immunoblotting to first determine the phosphorylation states of FGF-2 downstream signalling molecules Erk1/2 and Akt in HUVECs after treatment with FGF-2 and/or FGF-Trap. Fibroblast growth factor-2 activated the Erk1/2-MAPK and PI3K-Akt signalling pathways as demonstrated by the increased phosphorylation of Erk1/2 and Akt. In contrast, FGF-Trap suppressed FGF-2-stimulated phosphorylation of both Erk1/2 and Akt ([Figures 4A--C](#fig4){ref-type="fig"}). Another function of FGF-2 signalling is to promote cell cycle progression by increasing the expression of cyclins. Indeed, we found that FGF-2 upregulated the protein levels of both cyclins D1 and E in HUVECs, and that this was suppressed by FGF-Trap ([Figures 4D--F](#fig4){ref-type="fig"}). To test the effects of FGF-Trap on FGF signalling-mediated angiogenesis, we further measured the mRNA expression of VEGFR1 and VEGFR2 by qPCR and found that both VEGFR1 ([Figure 4G](#fig4){ref-type="fig"}) and VEGFR2 ([Figure 4H](#fig4){ref-type="fig"}) mRNA expression levels were significantly increased after treatment with FGF-2, suggesting that in line with previously findings ([@bib29]; [@bib37]), there is a cross-talk between FGF(R) and VEGF(R). Intriguingly, FGF-Trap significantly suppressed FGF-2-mediated mRNA expression of VEGFR1 and VEGFR2 ([Figures 4G and H](#fig4){ref-type="fig"}).

FGF-Trap potently inhibits the tumour growth of mouse xenograft models
----------------------------------------------------------------------

To evaluate the antitumour activity of FGF-Trap *in vivo*, Caki-1 and A549 tumour cells were subcutaneously implanted into the right flanks of mice. After implantation, mice were allowed 1 week to form tumours, after which they received intraperitoneal injections of either 25, 2.5, 0.25 mg kg^−1^ FGF-Trap or vehicle two times weekly. Tumour volume and body weight of mice were also measured two times a week for 5--7 weeks ([Figures 5A--D](#fig5){ref-type="fig"}), after which mice were killed and tumours were excised and photographed ([Figures 5E and F](#fig5){ref-type="fig"}). The results showed that FGF-Trap significantly inhibited tumour growth in a dose-dependent manner. The potential toxicity of FGF-Trap was examined by comparing changes in body weight of mice among FGF-Trap and vehicle treatments. No significant differences were found when FGF-Trap used at does of up to 25 mg kg^−1^ ([Figures 5C and D](#fig5){ref-type="fig"}).

FGF-Trap inhibits tumour angiogenesis
-------------------------------------

To gain insight into the mechanism of antitumour properties of FGF-Trap *in vivo*, we performed histological and immunofluorescence studies on two xenograft tumour models. Haematoxylin and eosin staining of tumour sections showed that treatment of tumours with 25 mg kg^−1^ FGF-Trap resulted in numerous pyknotic/karyorrhectic nuclei and nuclear debris when compared with vehicle-treated tumours, indicative of degenerative cells undergoing apoptosis ([Figures 6A and C](#fig6){ref-type="fig"}). Quantification of nuclei in tumour sections from the 25 mg kg^−1^ FGF-Trap-treated group relative to the vehicle-treated group revealed a 67.2% reduction in Caki-1 tumours ([Figure 6B](#fig6){ref-type="fig"}) and 51.9% reduction in A549 tumours ([Figure 6D](#fig6){ref-type="fig"}). To further investigate the effects of FGF-Trap on inhibition of tumour angiogenesis, tumour sections were analysed by immunofluorescent staining of CD34, a marker of vascular endothelial cells ([@bib35]). Compared with vehicle-treated tumour tissues, an obvious reduction in blood vessels in 25 mg kg^−1^ FGF-Trap-treated Caki-1 and A549 tumour tissues was observed ([Figures 6E and G](#fig6){ref-type="fig"}). The number of CD34^+^ cells in the two models under FGF-Trap treatment was significantly lower than that of vehicle-treated group ([Figures 6F and H](#fig6){ref-type="fig"}). Collectively, these results demonstrated that the antitumour activity of FGF-Trap is mediated at least in part by inhibition of tumour angiogenesis.

Discussion
==========

In this study, we identified and subsequently engineered a novel decoy receptor fusion protein FGF-Trap with the highest binding affinity for FGF-2 by serial deletion of the amino terminus of FGFR1c. Fibroblast growth factor-Trap effectively inhibited the FGF-2 signalling pathway and inhibited the proliferation and migration of endothelial cells *in vitro*. Most importantly, FGF-Trap potently suppressed the angiogenesis and growth of mouse tumour xenografts *in vivo*. Our study suggests that targeting the FGF/FGFR signalling axis by soluble decoy receptor fusion proteins is a promising strategy for cancer therapy.

Angiogenesis is a hallmark of cancer ([@bib15]) and thus blocking proangiogenic factor(s)-induced angiogenesis is regarded as an effective strategy for cancer therapy. Among proangiogenic growth factors, FGF-2 represents one of the best-characterised factors that promote tumourigenesis via a number of mechanisms including tumour angiogenesis as well as metastasis through interaction with FGFRs, which leads to the activation of downstream signalling pathways ([@bib13]). In light of this, we found that preventing FGF-2 from binding to FGFRs by administration of soluble decoy receptor fusion proteins can serve as an effective therapeutic strategy.

The choice of high-affinity decoy receptors for the respective ligands is critical for the generation of decoy receptor fusion proteins. Among FGFRs, the alternatively spliced IIIc form of FGFR1 shows the highest affinity ([@bib31]; [@bib34]). More recently, one decoy receptor fusion protein, FP-1039, which was developed by fusing the whole extracellular region of FGFR1 with IgG1 Fc, has been shown to be effective in preclinical as well as clinical trials ([@bib16]). However, studies have suggested that both the D1 domain and the D1--D2 linker of FGFRs have a role in receptor autoinhibition, whereas the D2 and D3 domains are necessary for ligand binding and specificity ([@bib48]; [@bib30]; [@bib21]). In consideration of the autoinhibition mechanism of FGFRs, we reasoned that the full-length extracellular region of FGFR1 would not likely yield an optimal decoy receptor. Our findings from this study support this hypothesis and are in line with the previous studies.

Solving of the crystal structure of the FGF-2:FGFR1 dimeric complex has been instrumental in determining the necessary FGFR1 residues that engage in the primary interaction site of FGF-2 and FGFR1 ([@bib32]). However, the FGFR1 construct used for the crystal structure did not contain the D1 or the acid box, and thus could not be used to evaluate precisely the function of either D1 or the D1--D2 linker of FGFR1. To identify the fragment of FGFR1 extracellular region that has the highest binding affinity for FGF2, we constructed 10 decoy receptor fusion proteins containing variant extracellular regions of FGFR1 and the Fc region of IgG1, and transiently expressed them in CHO cells. The binding activity of these decoy receptor fusion proteins showed that heparin significantly increased the binding of decoy receptor fusion proteins for FGF-2 and D1 and that the acid box of FGFR1 acts as an autoinhibitor for the binding to FGF-2, which is consistent with previous studies ([@bib48]; [@bib30]). Importantly, we identified FGF-Trap-6, which contains neither the whole extracellular region of FGFR1 (FGF-Trap-1) nor the D2--D3 region of FGFR1 (FGF-Trap-10), as the optimal decoy receptor fusion protein for FGF-2 binding. Because the binding activity of FGF-Trap-6 was completely lost when HBS was removed, this finding suggested that HBS is essential for the process of binding and is in line with the known role of heparin in FGFR binding and dimerisation ([@bib38]).

Among the FGF-Traps, FGF-Trap-10 was only 11 residues shorter than FGF-Trap-6, but exhibited almost no ligand binding activity. To investigate the role of the 11 residues in ligand binding, we performed a homology modelling of FGF-Trap-6 and FGF-Trap-10 using the Swiss-Model (<http://swissmodel.expasy.org>) based on the dimeric FGF-2:FGFR1 complex (PDB ID code 1CVS). Following the structure analysis using PyMOL ([www.pymol.org](http://www.pymol.org)), we found that an *α*-helix disappeared in the N terminus of FGF-Trap-10 when compared with FGF-Trap-6, indicating that the *α*-helix formation in the N-terminal region provides an energetic source for high affinity binding of FGF-Trap to FGF-2.

To explore the value of FGF-Trap as an anticancer therapeutic agent, we determined the capacity for FGF-Trap to suppress indices of tumour formation both *in vivo* and *ex vivo*. We chose Caki-1 and A549 cells in our study for three reasons. First, FGF-2 has important roles in regulating the development and tumour angiogenesis of kidney and lung cancers, as well as in tumour resistance to anti-VEGF(R) therapies ([@bib8]; [@bib50]). Second, these tumour cell lines are human tumour cell lines with high level of FGF-2 expression ([@bib44]; [@bib23]; [@bib25]). Third, these two tumour cell lines have high rate of tumour formation and have been widely used to assess the efficacy of antiangiogenic agents ([@bib42]; [@bib53]; [@bib19]; [@bib22]). Our findings showed that FGF-Trap proteins could significantly inhibit FGF-2-induced proliferation, migration and downstream signalling of HUVEC while they suppress the proliferation of tumour cells *in vitro* and the growth of tumours in mice in a dose-dependent manner.

Taken together, FGF-Trap is a novel soluble decoy receptor fusion protein that efficiently binds and blocks FGF-2, and may serve as a powerful therapeutic strategy for the treatment of cancer. Further studies are needed to evaluate the effects of FGF-Trap on tumour metastasis and acquired resistance to anti-VEGF therapy.
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![**Engineering and binding activity of decoy receptor fusion proteins.** **A**) Engineering of decoy receptor fusion proteins. Multiple extracellular domains of FGFR1 were fused with the Fc portion of human IgG1. Amino terminus of various proteins is shown as N, whereas the transmembrane domain (TM), intracellular domain (INTRA) and IgG1 Fc are indicated by solid rectangles. Ig-like domains are shown as loops; 1--3 indicates the number of respective Ig-like domains. The amino-acid residues of the D1--D2 linker are indicated by arrows. The acidic box is shown as AB within the open box. Dotted lines indicate sequence deletions and the heparin binding site is shown as HBS. (**B**) Binding activity of decoy receptor fusion proteins. The 96-well plates were precoated with 50 ng ml^−1^ FGF-2 in the absence (open squares) or presence (filled squares) of 100 ng ml^−1^ heparin at 4 °C overnight, after which conditioned media from CHO cells either as a negative control (NC) or containing 100 ng ml^−1^ decoy receptor fusion protein was added and followed by incubation with a horse radish peroxidase (HRP)-conjugated secondary antibody. The resulting absorbance was detected at 450 nm after adding HRP substrate and stop solution. The colour reproduction of this figure is available on the *British Journal of Cancer* journal online.](bjc2014282f1){#fig1}

![**The structure and characterisation of FGF-Trap.**(**A**) Schematic representation of the structure of FGF-Trap. (**B** and **C**) Sodium dodecyl sulphate--polyacrylamide gel electrophoresis (SDS--PAGE) analyses of FGF-Trap under non-reducing (**B**) and reducing (**C**) conditions. Lane 1, protein marker; lane 2, 1 *μ*g FGF-Trap; lane 3, 10 *μ*g FGF-Trap. (**D**) Binding affinity of FGF-Trap for FGF-2 was determined by incubation of FGF-Trap with 10 p[M]{.smallcaps} FGF-2. (**E**) Pharmacokinetic analysis of FGF-Trap. FGF-Trap of 100 *μ*g was intraperitoneally injected into BALB/c nude mice, and blood was drawn at the indicated time points. The serum level of FGF-Trap was measured by enzyme-linked immunosorbent assay. The colour reproduction of this figure is available on the *British Journal of Cancer* journal online.](bjc2014282f2){#fig2}

![**Fibroblast growth factor-Trap inhibits the proliferation and migration of vascular endothelium cells, and the proliferation of tumour cells *in vitro*.** (**A**) Inhibition of FGF-2-induced HUVEC proliferation by FGF-Trap. Human umbilical vein endothelial cells were seeded in 96-well plates overnight and treated with FGF-Trap in the presence of FGF-2 for 3 days. The cell proliferation was determined by CCK-8 reagent. (**B** and **C**) Inhibition of FGF-2-induced HUVEC migration by FGF-Trap. After incubation, HUVECs migrated to the lower surface of the membrane as revealed by crystal violet staining. The number of migrated cells (**B**) was counted from five random fields for each membrane under a light microscope at × 200 magnification (**C**). ^\#\#\#^*P*\<0.001, compared with control; \**P*\<0.05, \*\*\**P*\<0.001, compared with FGF-2-treated group using unpaired, two-tailed *t*-tests. Scare bars, 100 *μ*m. (**D**) Inhibition of Caki-1 and A549 tumour cell proliferation by FGF-Trap. Caki-1 and A549 cells were seeded in 96-well plates overnight, and treated with FGF-Trap for 4 days. The cell proliferation was determined by CCK-8 reagent. The colour reproduction of this figure is available on the *British Journal of Cancer* journal online.](bjc2014282f3){#fig3}

![**Fibroblast growth factor-Trap suppresses FGF-2-mediated signalling pathways, cell cycle progression and VEGFR mRNA expression.** (**A**) Representative western blots of phosphorylated (P-Erk) and total Erk1/2 (T-Erk), phosphorylated (P-Akt) and total Akt (T-Akt) from HUVECs induced with or without FGF-2 (10 ng ml^−1^) and FGF-Trap (5 *μ*g ml^−1^) for 10 min. (**B** and **C**) Quantitative results are illustrated for (**A)**. Each column represents the density of the immunoreactive P-Erk band (**B**) normalised to the T-Erk band, and P-Akt band (**C**) normalised to the T-Akt band from a minimum of three independent assays. ^\#\#^*P*\<0.01, compared with untreated cell; \**P*\<0.05, \*\**P*\<0.01, compared with FGF-2-treated cell using unpaired, two-tailed *t*-tests. (**D**) Representative western blots of cyclins D1 and E in HUVECs treated with or without FGF-2 (20 ng ml^−1^) and FGF-Trap (10 *μ*g ml^−1^) for 3 days. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a protein loading control. (**E** and **F**) Quantitative results are illustrated for (**D**). Each column represents the density of the immunoreactive cyclin D1 band (**E**) and cyclin E band (**F**) normalised to the GAPDH band from a minimum of three independent assays, respectively. ^\#\#^*P*\<0.01, compared with untreated cell; \**P*\<0.05, compared with FGF-2 treated cell using unpaired, two-tailed *t* tests. (**G** and **H**) Expression of VEGFR1 (**G**) and VEGFR2 (**H**) mRNA was quantified using qPCR. Changes in mRNA expression were expresses as fold change relative to *β*-actin (*n*=3). ^\#\#^*P*\<0.01, ^\#\#\#^*P*\<0.001, compared with untreated cell; \**P*\<0.05, compared with FGF-2 treated cell using unpaired, two-tailed *t*-tests.](bjc2014282f4){#fig4}

![**Fibroblast growth factor-Trap inhibits the growth of tumours *in vivo*.** (**A**--**D**) Effects of FGF-Trap on tumour growth and body weight of mice. A total of 2 × 10^6^ Caki-1 cells per mouse (**A** and **C**) and 5 × 10^6^ A549 cells per mouse (**B** and **D**) were subcutaneously injected into the right flank of BALB/c nude mice. One week after implantation, mice received intraperitoneal injection of 25, 2.5 and 0.25 mg kg^−1^ FGF-Trap or vehicle two times weekly for 5--7 weeks, after which tumour volume (**A** and **B**) and body weight of mice (**C** and **D**) were measured (*n*=7--8 per group). \*\**P*\<0.01, \*\*\**P*\<0.001, compared with vehicle group, two-way analysis of variance (ANOVA). (**E** and **F**) Photograph of the tumours. After 6--8 weeks of implantation, Caki-1 tumour-bearing mice (**E**) and A549 tumour-bearing mice (**F**) were killed and the tumours excised and photographed. The colour reproduction of this figure is available on the *British Journal of Cancer* journal online.](bjc2014282f5){#fig5}

![**Histological and immunofluorescent analyses of tumour tissues.** (**A**--**D**) Representative images of H&E-stained Caki-1 (**A**) and A549 (**C**) tissue sections at × 200 magnification and the quantified number of Caki-1 (**B**) and A549 (**D**) nuclei in each section (*n*=5). Scare bars, 100 *μ*m. \*\*\**P*\<0.001, unpaired, two-tailed *t*-test. (**E**--**H**) Representative images and quantification of immunofluorescence staining. Caki-1 (**E**) and A549 (**G**) tumour tissue sections were stained by anti-CD34 antibody, followed by a Cy3-conjugated secondary antibody (red) and a nuclear DAPI (blue) stain, and were observed using confocal laser scanning microscopy ( × 63 magnification). Scare bars, 20 *μ*m. CD34-positive area in Caki-1 sections (**F**) and A549 sections (**H**) were measured (*n*=5). \*\*\**P*\<0.001, unpaired, two-tailed *t*-test.](bjc2014282f6){#fig6}
